Abstract: Arbuscular mycorrhizae are the most ubiquitous of mycorrhizal fungi, that have formed mutualistic relationships with virtually almost all major groups of vascular plants. Five genera of arbuscular endomycorrhizal fungi are currently delineated, but fossil arbuscular mycorrhizae have been allied with only two, Glomus and Sclerocystis. A Triassic arbuscular mycorrhiza described inhabiting the roots of Antarcticycas was originally allied with Glomus. It is now known to be a mixed colony comprised of fungi attributable to the suborders Glomineae and Gigasporineae of the Glomales, described as two new species. The fossil Gigasporinean mycorrhiza is characterized by irregularly swollen intercellular and intracellular hyphae that are coiled extensively within the cells. Arbuscules have thick trunks and narrow branches. In the Glominean form, hyphal diameter is more uniform,with coiling rarely present. Arbuscules have thin trunks and fine branches. Vesicles may be lateral or terminal. Spores are not present; therefore, the probability of more than one species of each suborder being represented cannot be conclusively demonstrated. This provides the first fossil representative of the Gigasporineae and supports current rDNA estimates of the age of the lineage. Moreover, it is the first reported instance of a mixed colony of arbuscular endomycorrhizae in the fossil record.
INTRODUCTION
Fungi have played a major role in the establishment and maintanance of ecosystems, and as a result have developed mutualistic relationships with many different organisms. Plants and fungi have had a particularly long-lived relationship in the form of mycorrhiAccepted for publication May 8, 1996 . 1 Author for correspondence, email address: ttaylor@falcon.cc. ukans.edu.
zae. Mycorrhizal fungi have been found associated with plants as early as the Devonian (Remy et al., 1994; Taylor et al., 1995) , and have been suggested to have been responsible for the colonization of the land by plants (Pirozynski and Malloch, 1975) . Although plants have evolved dramatically in form since their initial move onto the land, the fungi appear to be morphologically stable. Devonian fungi bear a striking resemblance to modern forms, as do many others throughout the fossil record. The presence of arbuscules is regarded as evidence of a mutualistic relationship in arbuscular mycorrhizae (Harley and Smith, 1983) , and have recently been demonstrated in the Lower Devonian (Taylor et al., 1995) . The arbuscular structure has been conserved through time. Morton (1990b) suggested that this might be due in part to stabilizing selection of the symbiosis and to clonal reproduction that reduced the spread of changes. Arbuscular mycorrhizae, included in the order Glomales, are divided into two suborders: the Glomineae and the Gigasporineae. Although fossil representatives with affinities to the Glomineae are now known (Remy et al., 1994; Taylor et al., 1995) , no fossil representatives of the Gigasporineae have been reported to date.
The Triassic of Antarctica is particularly rich in fungal remains. A trichomycetous fungus was described that shares many features with modern Eccrinales (White and Taylor, 1989b) , and Palaeofibulus was reported as a basidiomycete based on clamp connections and spores (Osborn and Taylor, 1989) . White and Taylor (1989a) described specimens of Endochaetophora and spores that resembled Endogone; the affinities of several spore types remain uncertain (White and Taylor, 1991) . Spores comparable to Glomus suggesting affinities with mycorrhizal fungi have also come from these sites (White and Taylor, 1991) . Spores like those of modern Sclerocystis have also been discovered, but some features make this assignment uncertain (Stubblefield et al., 1987a) . Stubblefield et al. (1987b) also described a mycorrhiza that was attributed to Glomus. The fungus was found colonizing the roots of Antarcticycas (Smoot et al., 1985; Millay et al., 1987) . The principal characteristics attributable to Glomus were the presence of vesicles and Glomalean arbuscules. However, a reexamination of this material reveals that Gigasporinean ar- buscules and hyphae also occur with those allied with Glomus. These mycorrhizae actually comprise both suborders of the Glomales and exist as a mixed colony, a situation that is quite common today (e.g., Brundrett and Kendrick, 1990 ) but has previously been unreported in the fossil record. It is the intent of this paper to describe and illustrate examples of mycorrhizal fungi of the two types found in the roots of Antarcticycas, one of which represents the first occurrence of a member of the Gigasporineae reported from the fossil record.
MATERIALS AND METHODS
The specimens are contained in siliceous chert collected from the Fremouw Formation in the Beardmore Glacier region of Antarctica by the late James Schopf and others (see Smoot et al., 1985) , and are regarded as early Middle Triassic in age (Farabee et al., 1990) . Cellulose acetate peels were made following etching with hydrofluoric acid, and microscope slides prepared from selected peels. The specimens are housed in the University of Kansas paleobotanical collection under the aquisition numbers 13, 431-13,484; 16,722-16,815, and 19,739-19,759 .
RESULTS
Two types of mycorrhizae are found evenly distributed throughout the cortex of Antarcticycas roots and consist of arbuscules, vesicles, and hyphae (FIG. 1) . Some roots lack mycorrhizae, but when fungi are present, the colonization rate is high. Two types of fungi are present, one with affinities to the Gigasporineae and the other to the Glomineae. Both can occur in close association in the same root. Reproductive spores do not occur in the specimens or the surrounding matrix; therefore, the fungi cannot be identified as to modern genera. However, the fungi can be identified to the suborder level based on vegetative characteristics. They are described as form groups in order to document their presence in the Triassic and their affinities as closely as can be determined. Etymology. Gigasporites is used to designate its similarity to the family Gigasporaceae; the ending -ites is used to note its fossil status. The epithet myriamyces refers to the unknown number of biological species comprising this designation.
Gigasporites myriamyces
Gigasporites myriamyces hyphae and arbuscules are found evenly distributed throughout the cortex of the roots. Hyphae are inter-and intracellular (FIG. 1) . Hyphae are irregular in thickness (FIG. 2) , occasionally characterized by swollen areas (FIG. 3) , and are extensively coiled within the cells (FIG. 4) . Hyphae average 6.3 |xm in diameter, and branching is dichotomous (FIG. 5) . Septa are common, particularly at branching points, but septa are not continuous throughout the diameter of the hypha (FIG. 6) . One consistent feature of G. myriamyces is the absence of vesicles in association with hyphae.
Arbuscules are not confined to any distinct region of the cortex, and occur in various stages of deterioration. They occupy an average of 55% of the cell volume, with no observable size or shape differences for the cells containing arbuscules. The arbuscules of Gigasporites are robust and are characterized by thick trunks. Arbuscular branching is coarse (FIG. 7) , and usually can be determined only to the second order of branching (FIG. 8, 9 ). Several cortical cells appear to contain cross or slighdy oblique sections of arbuscules at a low point of branching (FIG. 10) . Only one arbuscule is present within a single cell. Hyphae (1.6-) 5.3 (-7.4) |jim in diameter, interand intracellular, occasionally sinuous, septa frequent, branching dichotomous; arbuscules with trunks (1.6-) 2.5 (-4.0) | JLm in diameter, branching secondary, ultimate branches less than l(jim in diameter; vesicles (8-) 33 (-56) Etymology. Glomites refers to similarities to the Glomineae (see Remy et al., 1994) . The epithet cycestris comes from its location within (Greek-estris) a cycad.
Glomites cycestris
There are several features that are common to both Gi. myriamyces and G. cycestris. Hyphae are interand intracellular, as in Gi. myriamyces, also with typically dichotomous branching and noncontinuous septa near branching points. Arbuscules of both types are not confined to any distinct region of the cortex, and are found in various stages of deterioration. Each cell contains a single arbuscule, although two arbuscules can branch off of the same hypha into adjacent cells (FIG. 11) .
Although Glomites hyphae fall within the same size range as those attributed to Gigasporites, they are generally smaller on average at 5.3 }im. This is due in part to the absence of irregular thickenings in the hyphae. Hyphae are straight, coiling only gradually if at all, are uniform in thickness (FIG. 12) , and have h shaped junctions (FIG. 13) . These hyphae are associated with both arbuscules and vesicles. Arbuscules of Glomites have thin trunks and a fine branching pattern that narrows gradually from order to order (FIGS. 14, 15). Vesicles are associated with hyphae and arbuscules, and range from 8 jxm to 56 |xm, averaging 33 |xm in diameter. We believe that the wide variation in vesicle size could be the result of differing stages of development of the vesicles. Some vesicles are represented simply as small swellings on the hyphae while others occupy most of the cell volume. Antarcticycas root cells containing vesicles are the same size as other cortical cells. Vesicles occur more frequently in a lateral position than terminal; septa are occasionally present, appearing in both types in approximately equal frequencies (FIGS. 16-18 ). Most appear ovoid in shape; however, a few are elliptical or otherwise irregularly shaped. Various other spores are present in the roots, but are not associated with either species (FIG. 19) . One structure appears to be a spore and hypha within another spore (FIG. 20) . AM fungi are known to produce spores within spores of other AM species (Koske, 1984) . In addition, Glomus species can form spores by internal proliferation, that is caused by a hypha growing into a spore of the same individual and forming a new spore (Koske, 1985) . This situation is superficially most similar to the structure in FIG. 20 , although the size and placement seems to preclude it from being a spore. Nonetheless, the similarities raise the possibility that it is a propagative structure from one of the mycorrhizae.
DISCUSSION
The mycorrhizae in Antarcticycas were described as Gforaws-like due to the presence of vesicles, as only members of the Glomineae produce vesicles (Stubblefield et al., 1987b) . However, there is a definite dimorphism regarding the morphology of the hyphae and arbuscules found in Antarcticycas which reveals that both subgroups are represented in the roots. It is common for several species of endomycorrhizae from different families to be present within the same root, even closely associated in the same area (e.g., Abbott and Robson, 1984; Brundrett, 1991) .
The roots of cycads are generally known for their relationships with cyanobacteria, that form nodules on the roots, rather than with endomycorrhizae. Many studies have focused on the cyanobacteria and make no mention of the presence of endomycorrhizae (e.g., Grobbelaar et al., 1987; Ahern and Staff, 1994) . Interestingly, a summary of plant families containing mycorrhizal symbionts does not even include members of the Cycadales (Newman and Reddell, 1987) . Fungi previously reported in the root nodules were suggested to assist in the creation of air spaces for cyanobacterial colonization (Pant, 1973) . The identity of the fungus was not determined, and the digestion of cortical cells seems to be the function of a saprophytic fungus rather than a mycorrhizal one. However, more recent studies have identified many species of arbuscular mycorrhizae colonizing roots of Cycas circinalis, including species of Glomus and Gigaspora (Iqbal and Shahbaz, 1990) . This shows that at least some modern cycads, while incorporating cyanobacteria, still maintain a relationship with arbuscular mycorrhizae.
The taxonomy of arbuscular mycorrhizal fungi has been extensively modified from their original inclusion within the Endogonaceae (Gerdemann and Trappe, 1974 eludes two suborders, the Glomineae and Gigasporineae. The suborder Glomineae is comprised of the families Glomaceae, with the genera Glomus and Sclerocystis, and Acaulosporaceae, with the genera Acaulospora and Enterophspora. The suborder Gigasporineae contains the family Gigasporaceae, with the genera Gigaspora and Scutellospora. This classification was proposed by Pirozynski and Dalpe (1989) , and refined by Morton and Benny (1990) . The separation of families and genera are based on spore characters, including the number and type of spore walls, the attachment of the spore to its subtending hypha, and the mode of spore germination (Morton and Benny, 1990) . Fatty acid methyl ester profiles have also been found to be taxonomically significant from the species to the family level (Morton and Bentivenga, 1994) . Separation of the two fossil mycorrhizae below the level of suborder is difficult given the nature of the specimens, as neither of these can be documented in the fossil specimens. Spores that do occur in the fossil roots are not similar to any spores in the Glomales, nor are they physically connected to the mycorrhizae. Moreover, they have been suggested to be spores of a saprophyte (Stubblefield et al., 1987b) .
Vegetative characters have been found to be useful in identifying mycorrhizae to the suborder, and occasionally to the family level. Originally, Gallaud (1905) separated mycorrhizae that formed intercellular hyphae (Arum series) from those that formed intracellular hyphae (Paris series). It was later demonstrated that the same mycorrhiza could produce both series depending on the host (Gerdemann, 1965) . Other characters of the hyphae have been shown to be stable. Glominean hyphae are characterized by long parallel strands, connected by "h" junctions, while Gigasporinean hyphae are coiled and irregularly swollen, with various knobs and projections (Morton and Bentivenga, 1994) . Glominean arbuscules narrow gradually in hyphal diameter, and are finely branched at the tips (Brundrett and Kendrick, 1990) . Within the Gigasporineae, arbuscules narrow abruptly from the trunk to the branches, resulting in less branching and more coarse arbuscules (Brundrett and Kendrick, 1990) . With reference to family characters, vesicles in the Glominean families differ in shape. The Glomaceae have vesicles that are elliptical, while those in the Acaulosporaceae are knobby and irregular (Morton and Bentivenga, 1994; Morton and Benny, 1990) . However, vesicles within the fossils span the ranges of both. Infection pattern characteristics of the hyphae were suggested to be relatively stable and distinct for the different genera even before the current classification scheme was proposed, and a preliminary key was made to distinguish genera from these characteristics (Abbott, 1982) . Using this key, G. cycestris and Gi. myriamyces keyed out closest to Glomus and Gigaspora respectively, but Abbott and Robson (1978) cautioned that the usefulness of this key was limited because the stability of generic morphology might break down under different environmental conditions, different hosts, or different nutrient levels. The name Glomites cycestris is used to refer to the suborder affinity with the knowledge that the specimens may encompass several species attributed to either or both families in the suborder. The Gigasporineae contains only one family, Gigasporaceae, so the Gigasporinean mycorrhiza present can be determined at the family level of Gigasporaceae. The name Gigasporites myriamyces may also encompass several biological species, and may include representatives of both Gigaspora and Scutellospora, that cannot be distinguished based on only hyphal and arbuscular features. Nonetheless, these specimens are being grouped under the generic name Gigasporites to indicate the family affinity and the fossil nature of the specimens. Although it is difficult to distinguish families in these specimens, the evidence for both suborders is clear and provides important evolutionary information about the Glomales. Morton (1990b) suggested that the sexual stage in Gigaspora species was advanced, and therefore the Gigasporinean lineage appeared later than the Glominean. This hypothesis could not be supported by any fossil data at the time, as no fossil representatives of the Gigasporineae had been described. Glomus-like fungi are known from the Devonian (Taylor et al., 1995; Remy et al., 1994) , and possibly from the Silurian, but the Silurian material has not been conclusively identified (Pirozynski and Dalpe, 1989) . A ribosomal DNA study suggests the origin of endomycorrhizae as being between 462 and 353 mya (Simon et al., 1993) . These data also suggest that the split of the Glominae and Gigasporinae occurred at least 250 mya (Simon et al., 1993) . However, this analysis also separated Acaulosporaceae from the Glomaceae as being more closely related to the Gigasporaceae, raising the possibility that the results do not reflect entirely accurate phylogenies. More recently, analyses of other fungal components have brought about more questions regarding the evolutionary history of the Glomales. An analysis of cell wall glucans in the Glomales supported the separation of the Glomineae and the Gigasporineae, but suggested that the Gigasporineae was more closely allied with some members of the Zygomycetes than was the Glomineae (Gianinazzi-Pearson et al., 1994). This casts doubt on the idea of the Gigasporineae branching off of the Glomineae (Morton, 1990a) , but supports earlier conten-tions (Pirozynski and Malloch, 1975; Pirozynski and Dalpe, 1989 ) that at least some of the Glomales might not belong in the Zygomycotina. Further work is needed in all areas of comparison in terms of adding more characters and in comparing them to other taxa to better resolve the phylogenetic relationships that exist in the Glomales.
The infection pattern of the hyphae and the distribution of the arbuscules within the cortex of the fossil roots are characteristics that provide information about the evolution of the mycorrhizae. Specimens of Glomites from the Devonian form arbuscules in a very restricted zone of cells near the perimeter of the axis (Taylor et al., 1995) of Aglaophyton, although they occur throughout the axes of other Devonian plants (Hass, pers. comm.) . In the Triassic, Glominean mycorrhizae form arbuscules throughout the cortex of the roots. Presumably the Gigasporinean mycorrhiza in the Triassic is at an early evolutionary stage based on estimates of the inception of the suborder. However, the fungus is found throughout the cortex with an infection rate as high as the Glominean mycorrhiza. This suggests that perhaps it was able to adapt to its host environment more quickly than the Glominean mycorrhizae.
The presence of Gigasporites myriamyces in the Triassic, in a mixed colony with members of the Glomineae, supports the molecular evidence of the antiquity of the Gigasporinean lineage, providing it with a minimum age of early Triassic, and indicates that complex mycorrhizal relationships developed concurrently with the evolution of the Gigasporineae. These specimens both provide a reference for, and assist greatly in, the elucidation of the evolutionary relationships of the mycorrhizas to each other and to the plants that they inhabited.
